Melting in porous media within a rectangular enclosure with the presence of natural convection is simulated using an interfacial tracking method. This method combines the advantages of both the deforming and fixed-grid methods. Convection in the liquid region is modeled using the Navier-Stokes equation with Darcy's term and Forchheimer's extension. The results are obtained by using the interfacial tracking method, which is validated by comparing with the existing experimental and numerical results. The results show that the interfacial tracing method is capable of solving natural convection-controlled melting problems in porous media at both high and low Prandtl numbers. 
= latent heat of fusion, J=kg K = dimensionless thermal conductivities, k=k ' K = modified dimensionless thermal conductivity K s' = ratio of thermal conductivities, k s =k ' k ' = thermal conductivity in liquid, W=m K Nu = Nusselt number at heated wall, hH=k ' and freezing of soil around the heat exchanger coils of a groundbased heat pump [4, 5] . In the last several decades, quantitative experiments and numerical simulations were carried out by many researchers. Although the early studies about phase change in porous media treated melting and solidification as conduction controlled, the role and importance of natural convection are gradually recognized. Since the location of the solid-liquid interface is unknown a priori, melting and solidification is referred to as moving boundary problems. Avariety of numerical techniques have been developed to overcome the difficulties in handling moving boundaries: the enthalpy method [6, 7] , the equivalent heat capacity method [8] , the isotherm migration method [9] , and the coordinate transformation method [10] [11] [12] [13] [14] [15] . These methods have been introduced by researchers to overcome the difficulties in handling moving boundaries. Some previous works on multidimensional moving boundary problems include those by Duda et al. [16] , Saitoh [17] , Gong and Mujumdar [18] , Cao et al. [19] , Khillarkar et al. [20] , Chatterjee and Prasad , and Beckett et al. [22] .
The preceding numerical models can be divided into two groups [23] : deforming grid schemes (or strong numerical solutions) and fixed-grid schemes (or weak numerical solutions). Both groups could provide reasonably accurate results [24] . Two major methods in the fixed-grid schemes are used to solve the phase-change problems: the enthalpy method [25] and the equivalent heat capacity method [26, 27] . Cao and Faghri combined the advantages of enthalpy and equivalent heat capacity methods and proposed a temperature transforming model (TTM) [28] . Zhang and Faghri used TTM to study phase change in a microencapsulated phase-change materials (PCM) [29] and an externally finned tube [30] .
Beckermann and Viskanta [31] propose a generalized model based on volume-averaged governing equations for melting and solidification in porous media. Later, Chang and Yang [32] proved that Beckermann and Viskanta's model [31] could handle even more complicated problems. Chakraborty and Dutta proposed a generalized formulation for evaluation of latent heat functions in enthalpy-based macroscopic models for the convection-diffusion phase-change process [33] . Pal et al. carried out an enthalpy-based simulation for the evolution of equiaxial dendritic growth in an undercooled melt of a pure substance [34] . In addition to the aforementioned macroscopic models, Chatterjee and Chakraboty also developed an enthalpy-based lattice Boltzmann model for the diffusion dominated solid-liquid phase change [35] . DasGupta et al. proposed a homogenization-based upscaling as a superior technique over the conventional volume-averaging methodologies for effective property prediction in multiscale solidification melding [36] .
Zhang and Chen proposed an interfacial tracking method to solve melting and resolidification of gold film subject to nano-to femtosecond laser heating [37] . Chen et al. successfully solved natural convection-controlled melting in an enclosure at a higher Rayleigh number by using the interfacial tracking method [38] . The interfacial tracking method combined the advantages of the deforming grid and fixed-grid methods. The location of the solid-liquid interface could be obtained by energy balance at the solid-liquid interface at every time step. In this paper, the interfacial tracking method will be extended to solve melting in porous media within a rectangular enclosure with the presence of natural convection. The results obtained by using the interfacial tracking method will be compared with the existing experimental and numerical results. Figure 1 shows the physical model of the problem: melting in porous media within a rectangular enclosure. The top and bottom walls are insulated, whereas the left and right walls are kept at constant temperatures at T h and T c , respectively. The initial temperature is equal to T i , which is below the melting point T m . The complicated interfacial geometries of the porous matrix and the solid and liquid phases prohibit a solution of the microscopic conservation equations for mass, momentum, and energy. Therefore, some form of a macroscopic description of the transport processes must be employed. The porosity of the porous media is defined as
Physical Model
The liquid fraction in the pore space is defined as
The volume fraction of liquid in the porous media is related to the porosity and liquid fraction:
The following assumptions are made:
1) The flow and heat transfer are two-dimensional and laminar.
2) The thermophysical properties of the porous matrix and the PCM are homogeneous and isotropic.
3) The porous matrix and PCM are in local thermal equilibrium.
4) The porous matrix and the solid phase of PCM are rigid (i.e., u p u s 0).
5) The porous matrix/fluid mixture is incompressible, and the Boussinesq approximation can be invoked.
6) The thermophysical properties are constants, but they are different for the porous matrix p, liquid l, and solid s phases.
7) The density change during phase change is neglected (i.e., l s f ). The dimensional governing equations are as follows: The continuity equation is
The momentum equation is :
where u ' and v ' are the intrinsic phase-averaged velocity of the liquid. The first-and second-order drag forces, named Dracy's term and Forchheimer's extension, are incorporated into Eqs. (5) and (6) . Unlike Darcy's law that is valid for low flow velocity only, the momentum equations (5) and (6), with the Forchheimer term included, are applicable to a wide range of flow velocities, including low and high flow velocities. The Boussinesq approximation is represented by the last term of Eq. (6) . The superficial velocity is related to the pore velocity by
The permeability can be calculated from the Kozeny-Carman equation [39] 
where d m is the mean diameter of the particles. The value of the coefficient C in Forchheimer's extension has been measured experimentally by Ward [40] , which was found to be 0.55 for many kinds of porous media.
The energy equation is
where c is the mean thermal capacitance of the mixture:
It should be noted that, in the liquid region, 1 and ". On the other hand, in the pure solid region, both and are zero.
The effective thermal conductivity k eff depends on the structure of the porous media. Veinberg [41] proposed a nonlinear equation, which he claimed to be universally applicable for a media with randomly distributed spherical inclusions
where
is the thermal conductivity of the PCM. The boundary conditions of Eqs. (4) (5) (6) and (9) are the left vertical wall,
the right vertical wall,
the bottom horizontal wall,
the top horizontal wall,
and the melting front, 
The governing equations can be nondimensionalized as
where Gr is the Grashof number based on the height of the enclosure:
The nondimensional boundary conditions of Eqs. (20) (21) (22) (23) are Numerical Procedures and Method
Discretization of Governing Equations
The preceding two-dimensional governing equations are discretized by using a finite volume method [42] . The conservation laws are applied over a finite-sized control volume around grid points, and the governing equations are then integrated over the control volume. Staggered grid arrangement is used in the discretization of the computational domain in the momentum equations. A power law scheme is used to discretize convection/diffusion terms in the momentum and energy equations. The algebraic equation resulting from this control-volume approach is in the form of
where P represents the value of general variable (U, V, or ) at grid point P, nb are the values of the variable at P neighbor grid points, and a P , a nb , and b are corresponding coefficients and terms derived from original governing equations. The numerical simulation is accomplished by using the SIMPLE algorithm [42] . The velocitycorrection equations for corrected U and V in the algorithm are
where e and n represent the control-volume faces between grid P and its east neighbor E, and grid P and its north neighbor N, respectively. In this work, the governing equations are used for the entire computational domains. The velocity in the solid region is set to zero by letting a p 10 20 and b 0 in Eq. (30) for the momentum equation.
Interfacial Tracking Method
Wang and Matthys [43] proposed an effective interface-tracking method by introducing an addition node at the interface, which divides the control volume containing the interface into two small control volumes. In this work, an interfacial tracking method [37] that was developed for conduction-controlled melting of metal film under irradiation of a femtosecond laser will be extended to be able to handle the convection-controlled solid-liquid phase-change problem. This method is an alternative approach that does not require dividing the control-volume-containing interface but can still accurately account for the energy balance at the interface. For the control volume that contains a solid-liquid interface, the dimensionless temperature P is numerically set as the interfacial temperature ( I 0) by letting a P 10 20 and b 0 in Eq. (30) with . The preceding treatment yields an accurate result when the solidliquid interface is exactly at grid point P, as shown in Fig. 2a . When the interfacial location within the control volume is not at grid point P, there are two scenarios, as shown in Fig. 2b : the interface is on the right side of the grid point, or Fig. 2c the interface is on the left side of the grid point.
With the scenarios in Figs. 2b and 2c, a modified dimensionless thermal conductivityK w at the face of the control volume w is introduced by equating the actual heat flux across the face of the control volume w, based on the position and temperature of the main grid point P [44] :
Considering P I , Eq. (33) becomeŝ
Similarly, a modified thermal conductivity at face e of the control volume can be obtained aŝ
The modified thermal conductivities defined by Eqs. (34) and (35) are used to obtain the coefficients for grid points W and E, which allows the temperature at the main grid P to be used in the computation, regardless of the location of the interface within the control volume. To determine the interfacial location, the energy balance at the interface [Eq. (29)] can be discretized and the solid-liquid interfacial velocity can be obtained as
where S S is the interfacial location at the grid at the south of grid P.
The interfacial location is then determined using S S 0 U I (37) and the liquid fraction in the control volume that contains the interface is f S X P X P =2 X P (38) Numerical Solution Procedure
The numerical solution starts from time 0. Once the temperature at the first control volume from the heated surface obtained exceeds the melting point, the temperature of the first control volume sets at the melting point by letting a P 10 20 and b 0 in Eq. (29) with . After melting is initiated, the following iterative procedure is employed to solve for the interfacial velocity and the interfacial location at each time step: 1) Assume an interface velocity U I using the velocity U I of the last time step as the initial value.
2) Determine the new interface location S from Eq. (37).
3) Obtain the modified dimensionless thermal conductivity,K w andK e , at the faces of the control volume w and e from Eqs. (34) and (35) . 4) Solve Eqs. (20) (21) (22) (23) to obtain the temperature distributions and obtain the new interface velocity U I by using Eq. (36).
5) Compare the newly obtained U I and the assumed value in step 1. If the difference is less than 10 5 and the maximum difference between the temperatures obtained from two consecutive iterative steps is less than 10 5 , the interfacial location for the current step is obtained. If not, the process is repeated until the convergence criterion is satisfied. To obtain a converged solution of the flowfield, underrelaxation was employed for velocity and pressure and the 
The interfacial tracking method developed in this paper eliminated the need for assuming the range of phase-change temperature in other fixed-grid methods, like the equivalent heat capacity method or TTM. It does not produce nonlinear oscillation on the temperature and interfacial location like enthalpy and equivalent heat capacity methods.
Results and Discussion
The interfacial tracking method will be validated by comparing its results with experimental results as well as other numerical results. The numerical simulation of melting of gallium saturated in packed glass beads is performed first under conditions that are the same as the experiments carried out by Beckermann and Viskanta [31] . The top and bottom walls were constructed of phenolic plates, while the vertical front and back walls were made of Plexiglas. The two vertical sidewalls, which served as the heat source or sink, were multipass heat exchangers machined out of a copper plate. The heat exchangers were connected through a valve system to two constant temperature baths. Through an appropriate valve setting, the vertical sidewalls could be maintained at a constant temperature. The left wall was kept at a high constant dimensionless temperature of T h 0:6 and a low constant dimensionless temperature equal to the subcooling parameter, Sc 0:4. The Rayleigh number is 8:409 10 5 , the Stefan number is 0.1241, the Prandtl number is 0.0208, the Darcy number is 1:37 10 5 , A 1:0, and the heat capacity ratios in liquid and solid are 0:864 and 0.8352, respectively. The dimensionless thermal conductivities used the same value in the liquid and solid phases, K eff 0:27. After the grid number and time-step test, the grid number used in the simulation was 40 40 and the dimensionless time step was 2 10 5 . Figure 3 shows the positions of melting fronts obtained by the interfacial tracking method compared with the experiment by Beckermann and Viskanta [31] at different dimensionless times. At the early time, the present melting interfacial velocity is faster than the experimental result near the top of the enclosure; however, the melting interfacial velocity obtained by the interfacial tracking method is closer to the numerical results obtained by Beckermann and Viskanta [31] . The melting front is almost parallel to the heated wall, which indicates that the process is dominated by conduction at the early stage. As time progresses, the melting front gradually exhibits shapes that are typical for the convection-controlled melting process. At a later time, the interface becomes more inclined as the melting continues toward a steady state, whereas a good agreement between the numerical and experimental results can also be observed. At a longer time of 0:152, the interfacial tracking method gives results very close to the experimental results and numerical results. The difference between the predicted and measured interface position is less than 1%.
Figures 4 and 5 show the streamlines at different dimensionless times of 0:038 and 0:152, respectively. The streamlines at 0:038, shown in Fig. 4 , indicate that the liquid is heated by the left wall and rises toward the top wall, which causes fast melting of the top portion of the PCM. When dimensionless time 0:152, the melting process nearly reached steady state, shown in Fig. 5 . Figures 6 and 7 show the temperature profiles at different heights in the enclosure. As shown in Fig. 6 , the temperature profiles at different heights are very close to each other at the early time of 0:038, because the melting is driven by conduction in the liquid region. At dimensionless time 0:152, shown in Fig. 7 , the temperature profiles at different heights become very different from each other, because the effect of convection becomes stronger as time progresses. The convection causes the temperature of the top point to be much higher than that of the bottom point. Figures 6 and 7 reveal the excellent agreement between the results from the interfacial tracking method and the results from Beckermann and Viskanta's numerical simulation [31] . The difference between the temperatures obtained by the present paper and [31] is less than 1% at any point and any time.
The preceding comparisons show that the present method of the phase-change process is well suited for simulating melting in a porous medium. To make sure that the interfacial tracking method is also valid at a low Prandtl number in a porous medium, an additional numerical simulation was performed based on the conditions specified by Damronglerd and Zhang [45] . The aspect ratio of the enclosure is A 1. The subcooling parameter is equal to 0.4, the Rayleigh number is 1: 28 10 6 , the Stefan number is 0.0295, the Prandtl number is 1:55 10 3 , K s;eff is 0.414, K l;eff is 0.402, and " is 0.385. After the grid number test, the grid number used in the simulation was 40 40 , and the time step was 2 10
6 . Figure 8 shows the comparison between the locations of solidliquid interfaces obtained by using the present model and the TTM used by Damronglerd and Zhang [45] . At an early dimensionless time of 0:0028, the agreement is very good at the bottom and top regions of the rectangular cavity. Since the Prandtl number is very low, the heat transfer in the whole liquid region is governed by conduction. As melting continues to the dimensionless time of 0:0056, the effect of the nature convection makes the top portion of the liquid region wider. When the dimensionless time 0:01147, the effect of nature convection on the melting became stronger than any previous times. Figure 9 shows a comparison of the influence on the subcooling number on the melting process. The results show that the melting front moves faster at the low subcooling parameter, Sc 0:2, and slower at the high subcooling parameter, Sc 0:6.
Comparisons between all the numerical results obtained by interfacial tracking method and the modified TTM indicate that the largest difference is only 0.16%. Therefore, the interfacial tracking method also can obtain very good results, even at a lower Prandlt number during natural convection-controlled melting in porous media.
Conclusions
An interfacial tracking method for two-dimensional convectioncontrolled melting problems in porous media was developed. It eliminated the need for assuming the range of the phase-change temperature in other fixed-grid methods. It does not produce nonlinear oscillation on the temperature and interfacial location like enthalpy and equivalent heat capacity methods. Comparison between the results obtained by the present interfacial tracking method, Beckermann and Viskanta's enthalpy method [31] , and Damronglerd and Zhang's TTM [45] shows that the interfacial tracking method could be used to solve the solid-liquid phase change in porous media in wide ranges of Rayleigh and Prandtl numbers.
